Retinal cone photoreceptors (cones) serve daylight vision and are the basis of color discrimination. They are subject to degeneration, often leading to blindness in many retinal diseases. Calcium (Ca 2+ ), a key second messenger in photoreceptor signaling and metabolism, has been proposed to be indirectly linked with photoreceptor degeneration in various animal models. Systematically studying these aspects of cone physiology and pathophysiology has been hampered by the difficulties of electrically recording from these small cells, in particular in the mouse where the retina is dominated by rod photoreceptors. To circumvent this issue, we established a two-photon Ca 2+ imaging protocol using a transgenic mouse line that expresses the genetically encoded Ca 2+ biosensor TN-XL exclusively in cones and can be crossbred with mouse models for photoreceptor degeneration. The protocol described here involves preparing vertical sections ("slices") of retinas from mice and optical imaging of light stimulus-evoked changes in cone Ca 2+ level. The protocol also allows "in-slice measurement" of absolute Ca 2+ concentrations; as the recordings can be followed by calibration. This protocol enables studies into functional cone properties and is expected to contribute to the understanding of cone Ca 2+ signaling as well as the potential involvement of Ca 2+ in photoreceptor death and retinal degeneration.
Introduction
Vision begins with the light-induced activation of the phototransduction cascade in retinal photoreceptors. Rod photoreceptors allow vision at low light levels, whereas cone photoreceptors mediate colour and high-resolution daylight vision. Many photoreceptor-specific genes are susceptible to mutations that lead to degeneration of these cells. A number of molecular markers associated with photoreceptor loss have been identified 1 , but so far the detailed molecular mechanisms and the sequence of events remain unclear. Altered Ca 2+ homeostasis was speculated to be a trigger of photoreceptor cell death, a hypothesis supported by the up-regulation of the activity of Ca
2+
-dependent calpain-type proteases during the degeneration process 2, 3 . However, to date, this hypothesis is not backed by physiological measurements of Ca 2+ . Inconsistencies in several studies on the effect of Ca 2+ channel blockers in retinal diseases further challenged the involvement of Ca 2+ in cell death [4] [5] [6] , calling for methods to directly assess Ca 2+ in mammalian cone photoreceptors.
Previously, most electrical recording and Ca 2+ imaging studies have been performed in amphibian and reptilian models because of the easier access to cones [7] [8] [9] . However, mammalian photoreceptor physiology may be different from that of non-mammals 10 and especially, in the context of human hereditary retinal degeneration, a better understanding of mammalian photoreceptor physiology is a key to the development of innovative treatments. Many mouse models mimicking human retinal diseases are available but little is known about Ca 2+ dynamics in mouse cones 11 . Electrical techniques are not suitable for high-throughput recordings from cones, in particular not in mice, where rods (~97%) significantly outnumber cones (~3%) 12 . Moreover, sensitive electrophysiological techniques such as whole-cell patch-clamp recordings disturb the intracellular milieu and provide data on Ca 2+ currents but not on absolute intracellular Ca 2+ concentrations. Hence, despite the lower temporal resolution, imaging is the method of choice when addressing questions about cone Ca 2+ dynamics. The key issue with imaging is how to selectively label the cones with a fluorescent Ca 2+ indicator dye. Proper compartmentalization and cell specificity is hard to achieve by "bulkloading" synthetic Ca 2+ indicator dyes into the tissue. As a consequence, labelled cones, rods 13, 14 , and Müller glial cells cannot be reliably distinguished. Also, synthetic dyes tend to leak out of the cells, preventing prolonged recordings under consistent conditions. Furthermore, loading synthetic Ca 2+ indicators in their AM-ester form is problematic, as it requires detergents (e.g., DMSO) and generates formaldehyde 2. Slowly immerse a glass slide into the extracellular solution close to tissue. Gently, pull the retina onto the glass slide with the ganglion cell side up by grabbing it at the very edge using a pair of forceps. This process reduces mechanical damage and folding of tissue. 3. Choose the region of the retina that is related to the respective research question (see also Discussion). Remember, the long cut made in step 2.2.9 marks the dorsal retinal half ( Figure 1A) . Cut a rectangular, approximately 1 x 2 mm sized piece out of the selected retinal region using a curved scalpel blade. Wipe off excess solution around the tissue. 4. Place the filter membrane on top of the piece of retina such that the ganglion cell side adheres to the membrane. Immediately, add a drop of extracellular medium onto the membrane to firmly attach the tissue to the membrane. 5. Transfer the membrane-mounted retinal tissue to the slicing chamber containing fresh extracellular solution. 6. Cut retina into vertical slices of 200 µm thickness ( Figure 1B ) using a fresh razor blade attached to a tissue chopper 23 . Change blade for every retinal piece. Note: The razor blade needs to be perfectly aligned with the surface of the slicing chamber bottom such that the whole membrane splits simultaneously, as indicated by a "clicking" sound when cutting -otherwise the blade may bend and damage the slice. 7. Glue a single membrane-mounted slice to a glass cover-slip by applying high vacuum grease to the membrane ends only (Figure 1C) .
Keep the glass surface below the retina free from grease. 8. Keep coverslip-mounted slices covered by a drop of extracellular solution in the holding chamber -a closed and lightproof container, e.g., a Petri dish with the lid covered with aluminium foil -under a carboxygen atmosphere at RT. Introduce carboxygen by bubbling a small water reservoir to keep the atmosphere in the holding chamber humidified; this prevents the slices from drying out. 9. Allow slices to rest in the holding chamber for 10 -15 min before moving them (one by one) to the recording chamber. Slices can be maintained up to 4-5 hrs in holding chamber at RT (~21 °C).
Two-photon Ca 2+ Imaging
1. Two-photon microscopy 1. Use a Movable Objective Microscope (MOM)-type two-photon microscope. Both MOM design and imaging procedures were described earlier 24 , for details see also 10, 21, 25 (for sources and companies, see Table 1 )
.
Note: Any upright two-photon microscope that fulfils the following minimal requirements can be used: It has to be equipped with (a) a pulsed laser tuneable to ~860 nm, (b) a minimum of two simultaneously acquired fluorescence channels, (c) filters for eCFP and citrine fluorescence, (d) a light stimulator (for possible designs, see 24, 26 ), and (e) software that allows recording time-lapsed image sequences at a frame rate sufficient to resolve the Ca 2+ signals of interest.
2. Start the two-photon imaging system as indicated by the manufacturer. Strictly follow the facility's laser safety guidelines. Start the laser and tune it to ~860 nm. 3. Transfer a slice from the holding chamber to the recording chamber and immediately start perfusing with carboxygenated extracellular solution. Maintain a perfusion flow rate of 2 ml/min and a temperature of 37 °C in the recording chamber. 4. Use a 20X 0.95 NA water immersion objective. If available, use a CCD camera in combination with an infra-red LED below recording chamber to locate the retinal slice ( Figure 2 ). Otherwise locate slice using two-photon imaging (see 3.1.5). 5. Switch to two-photon imaging to view biosensor expression. Turn on the two detection channels for fluorescence imaging of eCFP and citrine. 6. Use the image acquisition software that controls the two-photon microscope to scan and select a row of cone terminals for recording ( Figure 3A) . Set image acquisition to 128 x 16 pixel images (31.25 Hz) or a similar configuration. Restrict scanned area to cone terminals to avoid bleaching of photopigments in outer segments. Note: For the TN-XL calcium sensor (τ = ~0.6 sec for Ca 2+ binding, τ = ~0.2 sec for Ca 2+ unbinding; see 16 ) a minimum frame rate of ~8 Hz is recommended.
Light stimulation and recording
1. Use a sub-stage full-field light stimulator as described elsewhere 10, 21, 26 to perform the following steps.
Note: A simple solution for a full-field light stimulator is to use two band-pass-filtered LEDs (e.g., "blue": 360 BP 12, "green": 578 BP 10) that match the wavelength sensitivities of mouse cones but at the same time do not overlap with the filters used for fluorescence detection (cf. 3.2.4). The light from the LEDs is focused by the condenser through the bottom of the recording chamber ( Figure 2 ). For details on this stimulator design, its calibration, the light intensities used and the evoked cone photo-isomerisation rates, see 10, 21, 26 . 2. Turn on the laser and allow cones to adapt to the scanning laser and the stimulus background light (20 -30 sec, see also Potential Pitfalls) before presenting light stimuli (see 3.2.3) or applying pharmacological agents. 3. Start presentation of arbitrary stimuli (e.g., flashes of light, as shown in Figure 3B,C) . In the case of the stimulator described in step 3.2.1, generate the stimuli by modulating the intensity of the two LEDs over time using a microprocessor board controlled by customized software (for details, see 10, 21, 26 ). 4. Start recording the two fluorescence channels (e.g., at 483 nm for "blue" FRET-donor eCFP and at 535 nm for "yellow" FRET-acceptor;
for specs see Table 1 ) simultaneously using the respective image acquisition software (see also 3.1.6). For example, in the case of light flashes ( Figure 3B,C) , record at least 8 -10 stimulus presentations (trials).
3. "In-slice" Ca 2+ calibration
1. Record Ca 2+ signals in cone terminals (as described in 3.1.6 and 3.2.4) and extract the baseline Ca 2+ level in a set of cones (as described in 3.4). 2. Switch to "Ca 2+ free" extracellular medium with 5 µM ionomycin (dissolved in DMSO) and 10 mM EGTA (or, alternatively, BAPTA)
added. Record cone terminals again every 5 min to determine the minimal fluorescence ratio (R min ), i.e., the ratio in the (near) absence of intracellular Ca
2+
. This may take anywhere between 15 -30 min. Note: A perfusion system is required that allows switching between different reservoirs. 3. Switch to extracellular medium with 5 µM ionomycin (dissolved in DMSO) and 2.5 mM Ca
. After an incubation time of 5 min, record cones again every 5 min to measure the maximal fluorescence ratio (R max ), i.e., the ratio in the presence of saturating concentrations of intracellular Ca 2+ analysis that retain their normal morphology. Concentrations (i.e., EGTA, ionomycin) may need to be adapted. For more details on the Ca 2+ calibration protocol, see 13, 17 .
Data analysis
Note: Use an image processing and data analysis software package compatible with the respective microscope software and capable of running custom analysis scripts. 1. Load an imaging data file and draw regions of interest (ROIs) around each cone terminal ( Figure 3A) . For each frame, average fluorescence intensity within the ROI and subtract background fluorescence, before calculating the ratio (R) between FRET-acceptor (citrine) and donor (eCFP) fluorescence (R=F A /F D ; Figure 3B,C) . This ratio is typically used as a proxy for relative intracellular Ca 2+ concentration, but after calibration (see 3.3), also absolute concentrations can be estimated (see 3.4.3). Note: The pedicles can be recognized by their location in the outer plexiform layer and their morphology (somewhat flattened "blobs" smaller than the cone somata, located at the end of the cone axon). 2. Average stimulus trials (Figure 4A) . Extract response parameters from averaged traces (Figure 4B) , such as Ca 2+ baseline level (R base ) prior to light stimulation, peak amplitude (R amp ), and area under the curve (R A ) as measures for response size. Also, extract response kinetics from averaged traces, such as response rise (t rise ) and decay time (t decay ) (= respective time intervals between 20% and 80% of R amp ; see illustration in Figure 4B ). For more details on how to determine these parameters, see 
Representative Results
By combining vertical slices (Figure 1 ) prepared from HR2.1:TN-XL mouse retina with two-photon imaging (Figure 2 ), we were able to perform ratiometric measurements of light stimulus-evoked Ca 2+ signals in cone photoreceptor axon terminals. This approach represents a significant improvement in accessing and visualizing mouse cones over the pre-existing optical imaging methods with synthetic Ca 2+ indicators. For instance, the cone-specific expression of the genetically-encoded ratiometric Ca 2+ biosensor TN-XL greatly facilitated the identification of cone axon terminals (see ROIs in Figure 3A) . Therefore, our protocol eliminates the risk of recording signals of unclear origin, as for example "mixed" signals with contributions from both cone and rod axon terminals. This protocol has already been successfully used in three studies addressing different aspects of cone function in healthy mouse retina. In the first study 10 , the HR2.1:TN-XL mouse was characterized using immunohistochemistry, ERG recordings, two-photon Ca 2+ imaging, and pharmacology, showing that the cone-specific expression of the Ca 2+ biosensor does not hamper cone anatomy and function. In the second study 21 , chromatic and achromatic response properties of mouse cones were mapped across the retina, demonstrating striking differences in cone function between the "green" opsin-dominated dorsal and the "blue" opsin-dominated ventral mouse retina. These regional differences in cone properties matched the differential contrast distribution in the natural environment (i.e., sky vs. ground), suggesting that the different spectral types of mouse cones provide for (near) optimal sampling of achromatic contrasts and, thus, may offer an evolutionary advantage. In the third study 22 the reciprocal feedback that cone axon terminals receive from horizontal cells was investigated. As all proposed horizontal cell feedback mechanisms act on voltage-gated Ca 2+ channels in the cone axon terminals 28 , cone terminal Ca 2+ can serve as a proxy for horizontal cell-to-cone interactions. The study by Kemmler and coworkers 22 supports the view that horizontal cells use a complex feedback system comprising several mechanisms to control photoreceptor glutamate release.
These studies illustrate the versatility of the described protocol and show that it can be adapted to a wide range of questions concerning cone function and its synaptic circuits. In addition, the protocol enables studying local Ca 2+ signaling in the different cone compartments, towards a better comprehension of cone physiology. Such knowledge is important to understand pathophysiological processes in degenerating cones, to eventually allow for the rational development of potential therapeutic approaches, in particular for degenerative diseases affecting cones.
In the HR2.1:TN-XL mouse line, the Ca 2+ biosensor is expressed throughout the cone, with the exception of the outer segment. This provides an opportunity for direct and ratiometric assessment of Ca 2+ dynamics in different cone compartments. Since changes in Ca 2+ currents in the outer segment are reflected in terminals via the membrane potential and the resulting activation of voltage-gated Ca 2+ channels, processes in the outer segment can be observed indirectly.
Potential pitfalls:
The dissection of the retina is a critical step: In the mouse, the retina separates from the eyecup usually between photoreceptor outer segments and pigment epithelium. Therefore, the light-sensitive photoreceptor outer segments of the isolated retina are exposed and extremely sensitive to mechanical damage. Great care must be taken not to damage by touching the photoreceptor side with tools or by moving the tissue sideways on an adhesive surface (e.g., a filter membrane). Slices in the recording chamber that meet the aforementioned anatomical and functional criteria show consistent responses for 1 -2 hr (for details on response consistency, see 10 ). Because slices survive for hours in the holding chamber, a successful experiment can last up to 6 hr. It is noteworthy that there are some restrictions with respect to studying long-ranging spatial interactions between cones and horizontal cells, as slicing inevitably severs lateral connections in retinal networks. However, increasing the thickness of retinal slices to 300 µm ameliorates this issue 22 .
The use of vertical retinal slices avoids scanning of light-sensitive cone outer segments by the excitation laser and, thus, largely prevents opsin bleaching (for extensive discussion, see 10, 21 ). Nevertheless, the recorded Ca 2+ signals not only depend on the light stimuli, but also get affected by a background illumination component generated by the scanning excitation laser. In fact, the effective background illumination in such twophoton imaging experiments is a combination of scattered laser light, fluorescent light emitted by the recorded cells, and any LED stimulus background component. Therefore, cones should be allowed to adapt for at least 20 -30 s to laser scanning (with the background component of the light stimulus turned on) prior to recording.
Advantages and applications:
While some applications for this cone Ca 2+ -imaging protocol have been described above 10, 21, 22 , other applications can be envisioned: Pharmacological studies in combination with cone Ca 2+ imaging may validate Ca 2+ signaling pathways in cones and could be used to test efficacy and potency of drugs targeting different players in Ca 2+ -signaling 10 . However, a key application may be to study diseases affecting cone function. Many retinal degeneration mouse models mimicking human diseases are available. For instance, the cone photoreceptor loss 1 (cpfl1) mouse is a primary cone degeneration model suffering from a Pde6c mutation 29 . Conversely, the rod degeneration 1 (rd1) mouse suffers from a Pde6b mutation. While this causes primary rod photoreceptor degeneration 30 , once rd1 rod loss is completed, secondary cone degeneration sets in 1 . Crossbreeding these animals with the HR2.1:TN-XL line will allow studying and comparing Ca 2+ dynamics in both primary and secondary cone degeneration and is likely to provide valuable insights into the role of Ca 2+ during cone cell death. Also, pharmacologically induced cone degeneration -for instance using selective PDE6 inhibitors -may serve to identify the downstream mechanisms of cone degeneration 10, 29, 31 .
In summary, the protocol described here allows measuring Ca 2+ in subcellular compartments of mouse cone photoreceptors and presents great opportunities to uncover cone physiology under a wide range of physiological and pathophysiological conditions. Additionally, this protocol may be used for the screening of pharmacological agents designed to interfere with cone Ca 2+ -signaling and thus help to establish new therapies for cone diseases.
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